Molecules with an excess number of hydrogen-bonding partners play a crucial role in fundamental chemical processes, ranging from the anomalous diffusion in supercooled water to the transport of aqueous proton defects and the ordering of water around hydrophobic solutes.
in the chemical dynamics of processes ranging from the anomalous diffusion in supercooled water, 1 to the reorientation mechanism of liquid water, 2 the immobilization of water molecules around hydrophobic solutes 3 and the transport of proton defects in aqueous systems. 4 In liquid water they occur when a water molecule that already possesses two donor and two acceptor hydrogen bonds receives a further hydrogen bond, transforming it to a double-donor tripleacceptor species. Although the importance of these hydrogen bonds has been recognized, their spectral signatures and structural properties, as well as their occurrence over a wide range of temperatures, have not previously been determined. Vibrational spectroscopy, 5, 6 provides an opportunity to address these questions, given its sensitivity to variations in hydrogen-bond strength 7 and tetrahedrality, 8 as well as non-hydrogen bonded OH groups. However, decomposing the associated spectral signatures within the broad OH stretching region remains an outstanding challenge. Commonly employed deconvolution techniques assume a predefined shape of the sub-bands and depend on their assumed number, position and/or width. [9] [10] [11] A decomposition method that avoids such arbitrary and unphysical assumptions, and hence alleviates the associated pitfalls, is self-modeling curve resolution (SMCR), which provides a means of decomposing a collection of spectra into spectral components with exclusively positive intensity whose shape is determined entirely by the experimental spectra. 8, [12] [13] [14] [15] Here, we demonstrate that SMCR decompositions of the Raman spectrum of water in the ambient and supercooled regimes reveal that, in addition to previously identified spectral features whose populations increase monotonically with decreasing temperature, 8, 16 one can also identify features that exhibit a more interesting non-monotonic temperature dependence with a maximum at a temperature around 280 K. In particular, these spectral features include a previously unrecognized distinct peak in the high frequency part of the OH stretching region (at ~3640 cm -1 ) which is normally associated with OH groups not involved in a hydrogen bond (so called "free" or "dangling" OH's). Using simulations based on machine-learned potentials 8, [17] [18] [19] [20] trained to water's electronic structure we demonstrate that this region of the decomposed spectrum corresponds to OH groups participating in overcoordinated hydrogen bonding environments. Even though the molecules in these overcoordinated environments satisfy the geometric criteria commonly associated with the formation of a hydrogen bond their OH vibrational frequencies are almost identical to those of non-hydrogen bonded (free) OH groups.
By analyzing the correlations in the full vibrational spectrum obtained from the simulations we further predict the corresponding librational region in which these overcoordinated species can be observed and show that the decomposed anisotropic Raman spectrum allows these spectral signatures to be resolved experimentally. This analysis, which combines experimental and simulated temperature dependent Raman spectra of water in the liquid and supercooled regimes delivers the first unambiguous assignment of spectral signatures, in both the low-and high-frequency region, arising from overcoordinated hydrogen bond environments, thus providing a means of identifying them in other systems of chemical and biological relevance. Figure 1a shows the OH stretch region of the experimental temperature-dependent isotropic Raman spectrum of liquid water, measured at temperatures from the supercooled regime to its boiling point (238 to 370 K). The temperature variation of the OH stretch region is captured by our simulations (Figure 1b ) employing a machine-learned potential 8 whose results
closely resemble the experimental results, although the predicted peaks are all shifted to higher frequencies by ~100 cm -1 . To investigate the origin of the temperature dependence of the OH stretching region we employ SMCR decomposition of the spectra into multiple spectral components, beginning with a global two-component decomposition revealing monotonically temperature dependent features, followed by the more detailed multi-component analysis that reveals the third non-monotonic feature whose existence and structural assignments is primary finding and focus of this work. The initial global two-component decomposition demonstrates that all the spectra can be accurately represented as a linear combination of "cold" and "hot" component sub-spectra (see SI Fig. 1 for further details). The subsequent multi-component analysis is performed by carrying out a two-component SMCR decomposition of pairs of spectra, where for each temperature the "hot" component has a fixed shape (equaling the spectrum at T = 370 K) which can vary in amplitude, while the shape of the "cold" component is allowed to vary with temperature. This modified pairwise approach allows us to see more subtle temperature-dependent variations in the shape of the "cold" component, since it does not assume that all the frequency regions of the "cold" component have identical temperature dependence. Figure 1c shows the results of the pairwise decomposition, showing the relative amplitudes of the "hot" component (of fixed shape) and the "cold" component of variable shape.
The main peak of the "hot" component spectrum is centered at high frequencies associated with weak or broken hydrogen bonds, while the "cold" component is shifted to lower frequencies associated with molecules in a more tetrahedral environment with stronger hydrogen bonds whose population increases with decreasing temperature. 8 However, in addition to the main peak at frequencies around 3200 cm -1 , the "cold" component displays an additional subtle feature at high frequency, near 3650 cm -1 . The position of this feature is surprising, since it is located in a region that is usually assigned to molecules with free OH groups i.e. those that do not participate in hydrogen bonds. 11 However, since this appears in the "cold" component, such an assignment would suggest an increase in the number of free OH groups with decreasing temperature. This is highly counterintuitive, since one would expect that free OH groups, which result from broken hydrogen bonds, are entropically stabilized and therefore would decrease in population when water is cooled. While this high frequency feature in the "cold" spectrum is observed both in the global (SI Figure 1 ) and pairwise analysis, the pairwise SMCR analysis reveals ( Figure 1d ) that the intensity of the high-frequency feature in the "cold" spectrum exhibits a non-monotonic temperature dependence. In other words, the intensity of this feature initially rises when water is cooled from its boiling point, then reaches a maximum at a temperature of ~280 K, after which it decreases as water is supercooled (Figure 1e ). To uncover the molecular origin of the observed spectral features and their temperature dependence, we make use of the additional information provided by the simulations. SI Figure 2a shows that, when pairwise SMCR decomposition is applied to the simulated isotropic Raman spectra, one also finds a distinct high-frequency feature in the "cold" component, which is centered around 3750 cm -1 (100 cm -1 higher than observed experimentally which is consistent with the shift in the OH region of the spectrum observed in Fig. 1a-b) . While the high-frequency feature can be clearly identified, the temperature-dependence of its intensity is statistically noisy, since computing the Raman spectrum from the simulations requires performing computationally expensive electronic structure calculations to obtain the polarizability of the entire system which is only affordable on a subset of structures generated from the simulation.
We therefore make use of the vibrational spectrum (vibrational density of states, VDOS). This can easily be calculated for the entire simulation and also allows us to decompose the vibrational spectrum into the local atomic environments that give rise to distinct spectral features. As seen in SI Figure 2b , an SMCR analysis of the calculated vibrational spectrum reveals a high-frequency shoulder on the OH band with a very similar non-monotonic temperature dependence to that of the experimental high-frequency peak, with a maximum at 287 K (close to the experimental maximum at 280K).
Using the simulations we can decompose the vibrational spectrum into the spectra associated with different hydrogen bond environments and use these to establish the origin of the high frequency feature in the "cold" component of the spectrum. We label these environments by the number of hydrogen bonds a molecule donates (Dn) and accepts (Am), respectively 11,21-23 e.g. a molecule in a D2A1 environment donates two hydrogen bonds to neighboring molecules and accepts a single hydrogen bond. Figure 2a shows that when the OH stretch band at 300 K is decomposed into these hydrogen bond environments significant spectral intensities at the high frequency side of the OH stretch only occur for three species:
"free" OH's belonging to molecules in D1A1 or D1A2 configurations and the overcoordinated (D2A3) acceptors. However, Figure 2b shows that as the temperature is lowered the former two of these species show a monotonic decrease with temperature while the latter exhibits a maximum which coincides with the temperature dependence of the high-frequency feature observed in the SMCR component of the experimental isotropic Raman spectra. As expected, the component that increases as the temperature is lowered is that associated with water molecules in tetrahedral (D2A2) environments, which gives rise to the main peak of the "cold" spectrum. The spectral shape of the overcoordinated acceptors, together with the temperature dependence of the D2A3 population, provides strong evidence that the high-frequency feature in the "cold" component arises from hydrogen atoms associated with the overcoordinated species.
The simulated vibrational spectrum can be used to predict the other regions that give rise to spectral signatures of overcoordinated hydrogen bonds. To achieve this we use the simulated two-dimensional correlation spectrum 8, 24 to assess the vibrations that are strongly correlated with the high-frequency overcoordinated water OH stretch. SI , albeit less prominently than that in the OH stretch region of the isotropic Raman spectrum due to the high density of other vibrational modes at that frequency. ) (a,b) . A cut at a frequency of 350 cm -1 (informed by the 2D frequency analysis shown in SI. Figure 3) shows the same temperature dependence as the one found for the high-frequency feature (c).
The geometric properties of the hydrogen bonds formed by overcoordinated molecules also deviate significantly from those in tetrahedral (D2A2) environments. In particular, while the donor and acceptor hydrogen bonds of tetrahedral species possess nearly identical properties, the intramolecular OH bond length show an increase by 5 mÅ for overcoordinated donors and a decrease of 4 mÅ for overcoordinated acceptors relative to the average OH group in water (Figure 4 ). These bond length shifts are accompanied by donor OH stretches that are red shifted by 57 cm -1 , in contrast to the blue shift of 56 cm -1 of the acceptor hydrogens consistent with the established negative linear correlation between the OH frequency and bond length 25 which has recently been further elucidated. 26 The overcoordinated donor hydrogen bonds also have shorter than average OH…O oxygen-oxygen distances (rOO) and hydrogen bond angles (θOH…O), indicating the formation of stronger hydrogen bonds (Fig. 4c) while the acceptor hydrogen bonds exhibit a considerably wider range of distances and angles (Fig. 4a) . However, even though the three acceptor hydrogen bonds have a more diffuse distribution of distances and angles, characteristic of weaker hydrogen bonds, they still satisfy the standard geometric criteria used to identify hydrogen bonds. 27, 28 The breadths of the angular distributions observed for the donor and acceptor hydrogen bonds are also consistent with their respective blue and red shifts of the libration band (SI Fig. 3 Since overcoordinated environments exhibit a high local density and their temperature of maximum population is close to the temperature of maximum density of liquid water, one might assume that the temperature dependence of these environments simply follows the density variation of the liquid with temperature. To test this hypothesis, we performed simulations over the same temperature range (T = 240 K to 370 K) while holding the density constant (at ρ = 0.997 g/cm 3 ). As shown in SI Fig. 8 , the maximum in the overcoordinated water population still occurs under these constant-density conditions and its temperature dependence (along with the temperature dependence of the other hydrogen bond species) is essentially unchanged even when the total density of the system is held fixed. These results clearly demonstrate that overcoordinated environments in liquid water are not merely a consequence of the water density but conversely is likely an indicator of the underlying process that causes the change in water density with temperature, as the non-monotonic overcoordinated (D2A3) population, with high local density, would be expected to favor higher total densities under constant pressure conditions. In other words, the maximum in the overcoordinated population lead to pressure minimum in the constant-density simulation, and that pressure minimum becomes a density maximum when the system is held at constant pressure. Our results are also consistent with prior studies suggesting 20, 29 In summary, by performing Raman measurements and simulations of water both in the ambient and supercooled regimes we find that features in the OH stretch and librational bands provide spectroscopic signatures that can be used to identify water molecules in overcoordinated hydrogen bonded environments, which donate two strong hydrogen bonds and accept three weak hydrogen bonds. Despite satisfying the geometrical criteria usually associated with hydrogen bond formation, the spectroscopic signatures of the overcoordinated acceptor OH groups are found to lie in regions more commonly associated with non-hydrogen bonded OH groups, making it easy to misinterpret spectra as probing undercoordinated environments rather than the opposite. Given the role of overcoordinated environments in many important aqueous processes these findings offer the experimental and theoretical means to identify and interpret such structures in chemical and biological systems.
SUPPORTING INFORMATION FOR:
Hiding 
Experimental details
Polarized Raman spectra of water at ambient pressure and temperatures down to T = 0 C°, were obtained using a 514.5 nm Ar-ion excitation laser with ~20 mW at the sample and 5 minute integration time per spectra, as previously described. 1 Polarized spectra at supercooled temperatures were obtained using 532.06 nm doubled Nd:YAG laser with ~10 mW at the sample, contained in a Chou-Burruss-Lu type optical capillary cell 2 as previously described.
3,4
The only new feature of the latter instrument is that polarizers were placed in the input laser path and Raman detection paths in order to collect the parallel and perpendicularly polarized Raman spectra from which the isotropic Raman spectra were obtained as previously described. 
Simulation details
The machine-learned potential used in this work is based on artificial neural network potentials employing the Behler-Parrinello approach [5] [6] [7] [8] [9] and was constructed and validated in Ref. 9 The potential was trained to density-functional theory calculations for a set of 9,189 condensedphase liquid water configurations using the revPBE exchange-correlation functional 10, 11 with D3 dispersion correction 12 employing specific settings as previously reported. 9, 13 Simulated Raman spectra were obtained from autocorrelation functions of polarizability tensor elements as described in Ref. 9 The polarizability tensor of the system was calculated from density functional perturbation theory 14 employing the CP2K code. 15, 16 Molecular dynamics (MD) simulations with the machine-learned potential were performed with a modified version of the LAMMPS 17, 18 package, using simulation cells containing 128 water molecules, for 2 ns per temperature at T < 300 K and 1 ns otherwise. The standard hydrogen bond criterion 19, 20 was used to define the hydrogen bond species. Vibrational spectra associated with different hydrogen bond environments were calculated employing the time-dependent vibrational density of states as described in Refs.
9,13,21
Comparison of water models
To confirm the robustness of our identification of the high frequency feature as arising from overcoordinated (D2A3) water molecules we performed additional simulations using the ab initio-based MB-pol [22] [23] [24] . b, Equivalent analysis for the simulated VDOS spectra, revealing a highfrequency shoulder. A cut through this shoulder at a frequency of 3750 cm -1 shows a nonmonotonic temperature-dependence of the intensity with a maximum at ~290 K. Figure 3 . Analysis of the low-frequency regime. (Top), Cut through the synchronous twodimensional correlation spectrum of the simulated VDOS at frequencies of 3750 cm -1 reveals positive correlation in the librational regime at ~350 cm -1 . (Bottom) Decomposition of the VDOS at low-frequencies shows that donor and acceptors Hydrogens belonging to D2A2 molecules give rise to indistinguishable spectral features while for the D2A3 species the acceptor spectrum is shifted to lower frequencies and the donor spectrum is shifted to higher frequencies. 
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